I. INTRODUCTION
Raman spectroscopy has been a standard tool for studying defects in materials, especially in carbon based materials.
1,2 It provides information about crystal structure, symmetry, and interaction of photons with various kinds of excitations like phonons, plasmons, polaritions, and magnons. 3 Raman scattering studies has been extensively used to study structural defect for wide variety of materials including semiconductors, polymers, and dielectrics. Usually, in crystalline materials disorders/defects result into broadening of the Raman allowed peaks, e.g., G-band, 4, 5 new features such as D or D 0 bands related to the symmetry forbidden scattering process 6 and observation of phonon density of states like spectra.
1 Carbon nanotubes (CNTs), similar to other sp 2 -hybridized carbon atoms, show a disorder induced band (D-band) in the range $1250-1450 cm À1 depending on E laser (energy of laser excitation). 7 It has been widely used for the characterization of carbon based materials [8] [9] [10] and to study the defects often present in it. 11 Besides the characteristic graphitic peaks of nanotubes, namely, low frequency radial breathing modes (RBM), graphitic E 2g mode (G band at $1570 cm
À1
) and second order G 0 modes ($2700 cm À1 ), a number of Raman active modes are often observed in the region 300-1200 cm À1 (often termed as "intermediate frequency modes" (IFMs)) and 1600-2400 cm À1 for single walled carbon nanotubes (SWCNTs). The additional modes observed in the frequency range 300 to 1400 cm À1 were first reported by Rao et al. 12 The origins of these modes are not well understood in the literature. Some of the reports claim these to be combination and overtone modes, 13 while others claim it to originate from structural defects in CNTs.
14 According to group theory, it should be a Raman-silent region for infinitely long nanotube. 15 It has been proposed that the IFMs are due to the combinational mode of zone-folded optic and acoustic branches of 2D graphite and they can only be activated within low chiralangle tubes (i.e, zigzag) at certain excitation energies. 13 On the other hand, there are reports which claim these as defect induced modes. Changes in the IFMs of SWCNTs were observed upon 30 keV Ar þ ion irradiation. 14 Using surface enhanced Raman spectroscopy, peaks at 1139 and 1183 cm À1 have been assigned to pentagon-heptagon pair defects 16, 17 in SWCNTs, consistent with the theoretical predictions of 1122 and 1173 cm À1 for STW (Stone-Wales) defects. 16 Similarly, in case of amorphous carbon films Silva et al. have found a peak at $1180 cm À1 originating from sp 3 carbon. 18 For CNTs, no controlled experiments have been carried out to distinguish the specific features of combination modes and the defect related modes. Although the defects greatly modify the electronic 19, 20 and optical properties 21, 22 of CNTs, there have been very few experimental attempts to explore the defect related spectroscopic signatures in the Raman spectra. In contrast to limited experimental attempts, there are a number of reports on theoretical prediction of Raman modes related to a) Author to whom correspondence should be addressed. Electronic mail: giri@iitg.ernet.in.
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V C 2012 American Institute of Physics 111, 064304-1 defects in CNTs, such as the effects of bending 23 and deformation, 24 fingerprints of vacancies 25 and divacancies, 26 STW defects, 27 pentagon and heptagon pairs, 28 etc. The summary of various IFM modes theoretically predicted and experimentally observed are listed in Table I . It is due to the dynamic creation and annihilation of these defects during a typical Raman measurement with laser excitation that makes the detection and identification of these defects extremely difficult. In order to distinguish the IFMs due to defects from that of the combination modes, we have performed controlled experiments on a number of pristine and processed samples, e.g., ion irradiated, vacuum annealed, and laser processed SWCNTs and multiwalled carbon nanotubes (MWCNTs). The primary focus of this work is to distinguish the IFM modes originating from the combination modes and those arising from structural defects in CNTs.
II. EXPERIMENTAL DETAILS
CNTs used for the present study were commercially procured and characterized thoroughly by several standard tools. The samples were grown by catalytic chemical vapor deposition method and subsequently purified using standard acid treatment. SWNTs of diameter <2 nm and purity >50% grown in two different batches have been studied (named as SWCNT-A and SWCNT-B). The studied MWNTs are of length 5-15 lm and diameters: <10 nm (named as CNT-7), 10-20 nm (MWCNT-B) with average diameters of 7 nm and 15 nm, respectively, as observed from HRTEM. 29 Characterization by standard tools have shown that these MWNTs are of >95% purity. Specified purity represents the amount of specific type of nanotubes present in a sample. Impurity in the sample includes other types of nanotubes, amorphous carbon, nano-onions, residual metallic nanoparticles. Thermogravimetric analysis (TGA) show that SWCNT-A contains about 9.3% residual metallic impurities and 2.16% of amorphous carbon. 30 Samples for ion-irradiation were prepared using multiple drop casting of the well dispersed solution of carbon nanotubes in ethanol on a silicon wafer of size 2 cm Â 2 cm. Some samples were irradiated at 30 keV nitrogen (14 N þ ) ions to fluence levels 10 12 ions/cm 2 (low dose), 10 13 ions/cm 2 (intermediate dose), and 10 14 ions/cm 2 (high dose). Irradiation was performed at normal incidence using a 150 keV gaseous ion implantation facility at Indira Gandhi center for atomic research, Kalpakkam, India. The ion-beam was scanned and then passed through a collimator of diameter 12.5 mm. During the ion irradiation, a vacuum of 1.0 Â 10 À6 mbar was maintained in the target chamber. Vacuum annealing at desired temperatures (300, 500, 700, and 1000 C) was performed for 2 h at a vacuum of 1 Â 10
À6
mbar using a high temperature vacuum furnace equipped with turbo molecular pump and quartz tube. These annealed SWCNT samples are named as SW-300 A, SW-500 A, SW-700 A, and SW-1000 A, respectively. Raman measurements were performed using a commercial high resolution microRaman spectrometer (Jovin Horiba, LabRam HR800). We have probed the origin of the defect induced modes and the inherent Raman spectral features of SWCNTs and MWCNTs using 488 and 632.8 nm laser excitations. X-ray photoelectron spectroscopy (XPS) was performed on a VG instrument with a Mg-K a source at an emission angle of 30 . These spectra were fitted using a software (XPSPEAK4.1).
III. RESULTS AND DISCUSSION
The SWCNTs reported here were first characterized by standard tools such as HRTEM, Raman, and TGA measurements to asses the quality of the samples. Raman spectra of SWCNT-A show the low frequency RBM confirming the single walled nature of the tubes, and the well known D, G, and G 0 bands (Fig. S1, supplementary information) . The sample shows reasonably high ratio of intensity of G band to D band (I G /I D ¼ 28.5) as well as G 0 to D band intensity ratio
, confirming the good quality of the SWCNTs. 31 The inset of Fig. S1 shows the high resolution TEM images of SWCNT-A, where image (a) shows a nearly defect-free SWCNT, while image (b) shows a SWCNT with a defective wall structure. Thus, some of the nanotubes contain structural defects on the tube wall. Fig. S2 shows the TGA spectra of SWCNT-A before and after vacuum annealing (at 700 C). The pristine sample has a low oxidation temperature of 448 C due to presence of structural defects, while the vacuum annealed sample shows much higher oxidation temperature (592 C) due to structural improvement by removal of defects during the annealing. 32 The vacuum annealed samples also show higher I G 0 /I D ratio confirming the structural improvement achieved by vacuum annealing. Thus, the pristine SWCNT-A and SWCNT-B contains substantial amount of structural defects, while the vacuum annealed samples contains much lower density of structural defects. Figure 1 shows the excitation wavelength dependence of Raman spectra of SWCNT-A and MWCNT-B recorded using 488.0 and 632.8 nm laser excitations under identical conditions. In Fig. 1(a) , the spectra recorded using 632.8 nm laser show prominent IFMs (500-1200 cm (shown in the inset). Note that the D 0 -band was not visible with the 488.0 nm excitation, while it was discernable with 632.8 nm excitation (spectra not shown). The appearance of this extra mode is because of the breakdown of the q ¼ 0 wave vector selection rule. D 0 -band has been observed for graphite samples with crystallite sizes less than 10 nm. 34 In case of MWCNTs, it has been found to be a disorder induced feature. 35 Interestingly, IFMs observed between 400-1200 cm À1 for SWCNTs are much stronger than the IFMs in MWCNTs. The IFMs in SWCNTs become more intense upon excitation with 632.8 nm.
The weaker IFMs in MWCNTs is primarily due to the interlayer interactions among the walls leading to seizure of atomic vibrations causing lower scattering intensity. 29 Note that there have been varied opinions regarding the origin of IFM bands, such as combination modes, structural defects etc (see Table I ). Saito et al. showed that the Raman active mode in this region may be due to the symmetry lowering effect from the finite tube size. 36 To identify the IFM modes inherent to the SWCNTs structure, a comparison of IFMs of SWCNT-A, SWCNT-B, lowest diameter MWCNTs (CNT-7), and MWCNT-A, are shown in Fig. 2(a) . Apparently, identical spectral patterns are observed for all the samples except for MWCNT-A having a higher average diameter and coaxial multilayer structure. The MWCNT-A shows broad and featureless spectrum in comparison to the distinct spectra observed from other samples. Broad spectrum observed in this case may be due to combination of a number of peaks arising from individual layers. It may be mentioned that SWCNT-A, SWCNT-B, CNT-7, and MWCNT-A contain different weight percent of carbon impurities, e.g., amorphous carbon, residual metallic catalyst impurity, etc. as seen from thermogravemetric, Raman, and HRTEM analyses. 30 Similar IFM features observed from different samples rule out the possibility of its origin from other forms of carbon present as small impurity. . We have found that Gaussian line profile fits better than the Lorentzian line profile for each peak. This is possibly due to the random distribution of variety of defects at different locations on the nanotube surface. Peak observed at $1050 cm
À1
can be assigned to Raman modes of C-O-C. 42 Further, to isolate and identify the IFM modes arising from defects from that inherent to the CNTs structure, the structure of the SWCNT-A was modified by ion-irradiation and the structural changes were monitored with the HRTEM. majority of the tubes remains intact, as clearly shown in Fig. 3(b) . At a few locations, low dose irradiation also show damage to the wall structure as shown in Fig. 3(b) . Irradiation at intermediate dose leads to formation of vacancies on the tube structure and a small portion into amorphous carbon, as shown in Fig. 3 (c). Figure 3 (d) shows that the tubular structure remains intact for some SWCNTs even after high dose irradiation. The tubular carbon structure can be heavily damaged after high dose irradiation, as shown in Fig. 3(d) . Figure 3 (e) shows that at few places, the high dose of irradiation leads to destruction of tubular structure, formation of amorphous carbon, and conversion from single walled structure to multiwalled tubular structure. Figure 3(f) shows the creation of a large number of surface vacancies upon high dose irradiation. Ion-irradiation induced modification of the low frequency Raman modes of SWCNTs are shown in Fig. 4 . With the change of irradiation dose, a systematic and distinct change is observed in the Raman spectra of SWCNTs. Low frequency RBM modes slowly disappear with increasing irradiation dose, as shown in Fig. 4(a) . It is likely to be due to structural modification of the tubular structure of SWCNTs or conversion into MWCNT bundles upon ion irradiation, as seen in Fig. 3(e) . ), as shown in the inset of Fig. 4(b) . Upon irradiation, new Raman modes are observed due to the defect induced breakdown of momentum conservation and activation of phonons at interior k points of the Brillouin zone. We believe that the increase in the intensity of IFMs primarily originates from the modification of phonon density of states due to creation of structural defects upon irradiation. Roth et al.
14 had observed an increase in the intensity of IFM bands with increasing defect concentrations in the region 386-490 cm
and 585-635 cm À1 , while bands at around 670-730 cm
, 1000-1100 cm
, and a shoulder at 775-980 cm À1 slightly decreased with increasing defects concentration.
14 Note that we observed prominent and sharp IFMs in contrast to the broad bands observed by of Roth et al.
14 and these modes scale with the concentration of defects in SWCNTs. This may be due to the difference in the choice of ion mass/species used for irradiation experiments. Depending upon the type of ions, an energetic ion after penetration in the material releases its energy though two mechanisms: electronic energy loss and nuclear energy loss. The electronic stopping is governed by the inelastic collisions between the moving ion and the electrons in the target. A number of physical processes contribute to the electronic stopping: ionization of the target atoms, excitation of electrons in the conduction band, collective electronic excitations such as plasmons, etc. Energy deposited through electronic energy loss by ions leads to annihilation of structural defects through dynamic annealing. Energy loss by electronic energy loss is governed by Bethe formula depending upon energy and velocity of ions. 44 Nuclear energy loss arises from ballistic collisions between ions leading to transfer of ion energy to the target resulting in the ballistic motion of the target ions. 45 Nuclear energy loss scales with the mass of irradiated ions. Increasing nuclear energy loss (elastic collisions) knocks out atoms from the lattice, and may lead to reorganization of lattice. Such reorganization of lattice may lead to a defect free nanotube with different chirality (different atomic arrangement). Note that the mode observed at 868 moves closer to $860 cm À1 mode upon irradiation and it is assigned to a first-order Raman feature related to the oTO phonon in 2D graphite. 8 Note that in our experiment this mode appears only upon ion-irradiation at high dose. Thus, the possibility of its origin from structural defects cannot be fully ruled out. Fig. 5(a) shows the characteristic D and G modes of the SWCNTs before and after 30 keV N þ ion irradiations. These ) and two symmetric Lorentzian line shapes (G À (s) and G þ ) features. 46 BWF spectral shape occurs when a discrete energy excitation level interacts with a continuum of energy excitations, causing a resonance and antiresonance effect (1/q), and thus giving rise to a nonsymmetrical spectral line shape for the discrete state. Sample purity is usually characterized using the intensity ratio of D/G band in the Raman spectra from SWCNTs, in analogy to the characterization normally done in carbon-based materials. 48 However, I G 0 /I D ratio is taken as a more accurate measure of crystalline order or for defect estimation. 49 Our results show that the I G 0/I D ratio improves with irradiations at low and intermediate dose, as shown in Fig. 5(f) . At high dose, the ratio slightly drops. This implies that a dose of 10 12 and 10 13 ions/cm 2 at 30 keV repairs the defects present in the pristine SWCNTs, while a dose of 10 14 ions/cm 2 creates more structural defects. In case of 10 12 ions/cm 2 dose, a number of surface vacancies were observed under HRTEM as shown in Fig. 3 . Due to the energy transfer by energetic ions and the effect of dynamic annealing, low dose of irradiation removes the naturally occurring defects formed during the growth/purification processes. The gradual change in the intensity of IFM modes can be correlated with the structural modification of nanotubes upon ion irradiation indicated by change in intensity ratio I G 0 /I D . Our experiment demonstrates that Raman modes at 804.9, 867.8, and 926.0 cm À1 are primarily caused by the local structural defects introduced upon ion irradiation, while the 668.9 cm À1 mode is characteristic of the nanotubes and its intensity scales up with increase with defect concentration (caused by ion irradiation) and becomes very prominent at high dose. Changes in the intensity of 926 cm À1 IFM mode is correlated with sp 2 carbon content in the sample, as estimated from XPS analysis presented later. In contrast, the intensity of the IFM at 668.9 cm À1 diminishes with increasing defect concentration, indicating its origin from combination modes in near perfect CNTs. Similar to the N þ ions, irradiation with 30 keV Ar þ ions also shows monotonic decrease of the intensity of 669.0 cm À1 peak with increasing irradiation dose, while new peaks related to structural defects evolve at 814.0 and 931.0 cm À1 upon 10 13 and 10 14 ions/cm 2 doses. The intensity of these peaks increases with increasing ion dose and thus these are attributed to defects. Therefore, we are able to distinguish the IFMs caused by structural defects from that due to combination modes.
Further, we performed XPS studies of N þ irradiated SWCNTs in order to study the evolution of boding structure and defects in SWCNTs. Figure 6 shows the XPS spectra of SWCNT-A before and after irradiation at different doses. The survey scan XPS spectra in the range 0-1000 eV for all the samples are shown as inset in Fig. 6 . It shows the presence of C1s core, O and Si peaks. Si peak appears from the substrate used for depositing CNTs. Note that no peak was observed in the nitrogen core region 392-410 eV energy range in the survey spectra. It indicates that N is not doped or incorporated in the lattice during N þ irradiation. 37, 50 This is in contrast to the reported results of 3 keV N þ ion irradiation, where N þ ion was found to bind at the defect sites of SWCNTs. 37 The XPS spectrum of SWCNT-A before irradiation and its constituent peaks are shown in Fig. 6 . A closer look at the spectrum shows the asymmetric line shape arising from conducting carbon nanotubes. Such a line shape is known to result from the neutralization of the holes by conduction electrons created during photoionization. A Shirley type background was taken for spectral fitting. Typical fitting for the pristine SWCNT-A is shown in Fig. 6(a) . The deconvoluted XPS peak parameters for the SWCNT-A irradiated with 30 keV N þ ions at three fluence levels are summarized in Table II . The deconvoluted spectra of SWCNT-A before irradiation shows three components of the C1s core peak at 284.21, 284.89, and 286.12 eV originating from sp 2 carbon, sp 3 carbon, and structural defects, respectively. Usually the peak of tetrahedral bonded sp 3 carbon is observed near 285.5 eV. 51 However, in pristine SWCNT-A, it is upshifted by 0.61 eV. Carbon in most of its usual compounds (with oxygen, fluorine, nitrogen) appears as less electronegative, that is to say that it appears as donor of electrons and thus gives rise to C1s XPS peak shifted toward high binding energy relative to the graphitic C-C mode. 52 The shift observed in our sample arises due to the oxidation, i.e., presence of C¼O groups, as evident from the survey scan XPS spectra and due to the presence of a broad Raman band at $1033 cm
, as shown in Fig. 4(b) . The C 1s spectrum has a tail at the higher energy side caused by the defects or disordering in the graphite. 37 This line is observed in graphitic systems with disorders and is known as defect peak. 53 Apart from these, a broad feature is observed on the higher energy side at $290 eV arising due to P-P * interband transition. This has also been ascribed to plasmon loss peak. 53 The spectral line shape of the XPS spectra depends on three factors, lifetime of the core hole (contributing Lorentzian line shape), instrumental contribution (Gaussian line shape), and the satellite features. The third contribution to the peak width can arise from the several sources such as vibrational broadening, multiplet splitting, and shake-up satellites. These features typically have asymmetric line shapes and depending on their binding energy, may or may not be resolvable from the main photoemission peak. The degree of the asymmetry depends on the density of states near the Fermi level E F . 54 The line shapes of the XPS peaks carry information about the chemical bonding environments in the sample. XPS spectra were fitted using software XPSPEAK4.1. An estimate of the relative contents of the sp 2 hybridization, sp 3 hybridization and defects in each of these samples was found from the ratio of the corresponding peak areas to the total C1s peak area. Note that the exact quantification of sp 2 /sp 3 percentages using XPS is very difficult because the area under the corresponding peaks may depend upon a number of factors like sample orientation, technical skills and the reference used. , sp 2 content is dramatically increased (53.7 wt. %), while the sp 3 content is considerably reduced (13.9 wt. %). This implies a structural improvement in SWCNTs with the ion dose of 10 13 ions/cm 2 , in agreement with our Raman analysis. Higher dose (10 14 ions/cm 2 ) again leads to decrease in the sp 2 content down to 30.7 wt. % and increase in the sp 3 content to 31.7 wt. %. Thus, the results of XPS analysis are fully consistent with the Raman analysis and it confirms that N þ irradiation at intermediate dose indeed leads to reduction in defect content and a structural improvement in the SWCNT-A. It further confirms that new IFM features observed after irradiation arise from structural defects created by ion irradiation, not from C¼N bond formation. Increased sp 3 content at high dose is consistent with the increased amount of disorder and amorphous carbon observed under HRTEM. Interestingly, the intensity of 926 cm À1 peak increases with decrease in sp 2 % content, as observed at low and high doses. In order to achieve controlled elimination of defects and to study the systematic changes in the spectral features of IFMs with varying defect concentration, we have studied the SWCNT-A vacuum annealed at different temperatures. The result of vacuum annealing at various temperatures on the structural defects of SWCNTs and MWCNTs has been studied in detail using HRTEM, XRD, TGA, and Raman spectroscopy and reported earlier. 32 Since the IFM modes show relatively low intensity with 488.0 nm Ar þ ion laser, vacuum annealed samples were studied with the 632.8 nm laser to monitor the change in the IFM modes with defect concentration. It has been observed that defect concentration decreases with increasing annealing temperature up to 700 C and higher temperature annealing leads to structural degradation. 32 Fig . 7 shows the variation in the IFM modes with the annealing temperature. A number of peaks observed in the as-grown sample shows systematic variation in the intensity with annealing temperature. Broad but intense IFM bands observed in the region 400-550 cm À1 evolve as weak sharp peaks at 467 cm À1 and 510 cm À1 upon annealing. Two peaks observed at $675.0 and $709.0 cm À1 show a major change with the annealing at 500 C and above. Peak observed at $675.0 cm À1 monotonically shifts downwards, while the other peak (714.0 cm À1 ) shows a rapid decrease in intensity with the annealing temperature. Broad Gaussian peak observed in the region 756-1011 cm À1 and 1068.0 cm À1 further broadens and weaken with the annealing. These changes in the IFMs after high vacuum annealing are most likely to be due to the elimination of structural defects from CNT walls. Further, changes in the IFMs were studied with laser processing of SWCNT-A under different laser powers and at different wavelengths and the results are shown in Figs. 8(a)  and 8(b) . Interestingly, the peak positions of IFMs were different with different excitation energy and power. At 488.0 nm excitation, with increasing laser power the broad peak in the range 850-1000 cm À1 evolved as sharp and intense features, indicating its origin from laser induced disorder or defects. Due to dynamic annealing and creation of defects during laser exposure in air, monitoring of the defect induced modes are often very difficult and poses considerable challenge to the experimental observation of the defect induced Raman modes.
Effect of laser power on the evolution of IFMs is shown in Fig. 9 . The laser power output was varied in the range 30 mw-160 mw in a step of 10 mW, while the incident laser energy at the focal point on the sample varied in the range 1-10 mW. Arrow marks shown in the Fig. 9 are guide to the eye for changes in the IFM modes observed. Peak observed at 668.0 cm À1 (Peak 1) shows systematic variation in line shape with change in the laser power. It also shows upward shifts at an output power of $100 mw onwards. A small hump like feature associated with this peak disappears at high laser power. Broad IFM bands in the region 750-900 cm À1 evolve as two new peaks at 807.0 (Peak 2) and 867.0 cm À1 (Peak 3) with a laser power of 80 mw. With further increase of laser power, this peak flattens up. Another new peak evolves at 929.0 cm À1 (Peak 4) for laser power >70 mW, which shifts toward higher frequency side with the increasing power. We also notice a change in intensity and FWHM of this peak with the change in the laser power. Such changes in the intensity and FWHM are likely to be related to the changes in the defect density with laser processing. 56 Two broad peaks observed at $999.0 and 1097.0 cm À1 flattens up with increase in laser power. When the laser power increases from 30 mw to 160 mw, sharp features evolve in the IFM region; these may be characteristics of structural defects. Thus, some of the peaks in the IFM region are inherent to the defect free SWCNTs, while the others arise due to laser induced structural defects that evolves as a function of time/intensity during laser exposure. Figure 9 shows that as the defect concentration increases with laser exposure in air, IFMs in the range 600-750 cm À1 downshift, a decrease in the defect concentration with annealing shows upshifts of these modes. Such a change in the mode frequency may be associated with the strain related to defects. Further, these peaks intensify with the increase in defect concentration, and these weaken with a decrease in defect concentration. Thus, these IFM modes are attributed to defects in the SWCNT walls.
Besides the above mentioned IFM modes, a number of bands are observed in the frequency range 1600-2400 cm . There is a lack of consensus about the origin of Raman features in this range (1600-2400 cm
). A few groups have reported their origin as the combination modes 57 while others attribute it to defect induced combination modes. 58 There is disagreement in the literature regarding whether the peak observed between 1800-2000 cm À1 is due to the x G þ 2x RBM (Ref. 59) or the iTOLA or the LOLA. 60 Dispersion effects in the solid materials make the overtone and combination modes broad and very week to be detected. However, in case of SWCNTs it is argued that combined effect of double resonance process and the presence of van Hove singularity states make it possible to be observed experimentally. Modes observed at 1724.3 and 1909.2 cm À1 are close to the phonon modes P1 (1750 cm
) and P2 (1940 cm À1 ) assigned to combination modes x G þ x RBM ðP1Þ and x G þ 2x RBM ðP2Þ. 59 We notice that the intensity of these modes decreases monotonically with increasing annealing temperature, which may contradict the hypothesis that these are combination modes. Only for SWCNTs annealed at 1000 C, broad peaks in the region 2100-2400 reappears. However, at this temperature the structure of SWCNTs degrades as seen from the lowering of the I G 0 /I D ratio. 32 This implies that these additional modes are defect induced modes. Our results are in agreement with the theoretical predictions for Raman signature of pentagon defects and SW defects. 27, 28 The possibility of its origin from linear carbon chains is unlikely, since we have not observed presence of any such chains in SWCNT-A from HRTEM analysis; rather a number of sharp and smooth bents in CNTs indicate presence of a large number of non-hexagonal carbon ). These are unlikely to be combination modes, since these peaks are relatively broad and it changes with defect concentration. Dong et al. have theoretically calculated the Raman characteristic peaks induced by the topological defects of CNTs intermolecular junctions and they found that characteristic frequency of the SW defects lie between 1820 and 1962 cm
, depending on the local curvature of the tube. 28 It was shown that Raman modes caused by the pentagon defects lie out of the highest Raman peak of SWCNTs, regarded as indicator of the pentagon defects. 28 Another calculation by the same group shows that vibrational frequency due to divacancies lies out of the G-band, typically at 1748 cm À1 (for symmetric divacancy) or at 1761 cm À1 (for asymmetric divacancy) 26 for (18,0) SWCNTs. Figure 10 (b) shows the Raman modes of SWCNT-A recorded using different laser excitation energies and laser powers. As seen for the IFM modes, the 632.8 nm excitation shows stronger peaks due to resonance effect. 33 It also indicates that these peaks arise from the nanotubes, not from the other carbonaceous impurities. Raman spectra recorded using 488.0 nm (dispersive Raman spectrometer) is also shown in Fig. 10(b) peaks observed using 632.8 nm laser.
IV. CONCLUSIONS
We have shown that through controlled introduction and elimination of defects in SWCNTs, IFMs due to structural defects can be isolated from that of the combination modes. Our study shows that several IFMs in the frequency region 400-1200 cm À1 arise from defects in the SWCNTs, while a few of these are combination mode inherent to the near perfect SWCNT structure. Broad peak in the range 400-550 cm
À1
becomes sharper with decrease in defect density upon annealing and hence these are inherent feature of nanotubes. Raman mode observed at 668.9 cm À1 disappears with introduction of defects by ion irradiation and it is assigned to a combination mode. Intensity of 709.0 cm À1 mode consistently decreases with reduction in defect density by high vacuum annealing and it is attributed to defects in SWCNTs. Upon ion irradiation, new peaks evolve at 804.9, 867.8, 926.0, and 1189 cm À1 and are assigned to structural defects created by ion irradiation. Raman bands observed at 807, 867, and 929 cm À1 with laser processing are close to the IFMs observed at 804.9, 867.8, and 926 cm À1 due to ion irradiation. Further, decrease in the intensity of Raman modes in the range 756.0-1011 cm À1 upon vacuum annealing strongly supports its origin from defects. Besides these IFMs, we observed systematic decrease in the intensity of Raman modes in the range 1600-2400 cm À1 upon vacuum annealing, indicating the origin of 1724.3, 1909.2, 2173.5, and 2270.7 cm À1 modes as structural defects.
